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We show that if one or more of the 'constants' of Nature can vary then their values, as measured 
in the laboratory, should oscillate over the year in a very particular way. These seasonal changes in 
the constants could well be detected, in the near future, with ground-based atomic clocks. 
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Recently, there has been a great deal of interest in the 
possibility that some, or all, of the traditional constants 
of Nature are actually dynamical and change slowly in 
space and time, [H, SE i, S, • 

In this Letter, we show that if the 'constants' of Na- 
ture do vary, then their values, as measured by labora- 
tory experiments, should display and annual variation 
as the Earth moves around the Sun. We calculate the 
magnitude of this effect and find that, although it is ex- 
pected to be very small, the continually increasing pre- 
cision and stability of atomic frequency standards mean 
the prospects for detecting it in the near future are very 
good. 

Theoretical and experimental interest in variation of 
the constants has a long history 0, but the recent re- 
naissance in the field [a^Q has, to a great extent, been 
motivated by the recent observations of relativistic fine 
structure in the absorption lines formed in dust clouds 
around quasars carried out by Webb et al., 

Using a data set of 128 objects at redshifts 0.5 < z < 3, 
Webb et al. found the absorption spectra to be consistent 
with a shift in the fine structure constant, a = e'^ /Aneohc, 
between those redshifts and the present day (a period of 
about lOGyrs): Aa/a = {a{z) - a(0))/a(0) = -0.57 ± 
0.10 X 10~^. A smaller study of 23 absorption systems 
between 0.4 < z < 2.3 by Chand et al. [3| found a result 
consistent with no variation: Aa/a — —0.6 ±0.6 x 10^^. 
However, a recent reanalysis of the same data by Mur- 
phy et al. was unable to confirm the conclusions of 
Chand et al, and suggested the revised result: Aa/a = 
-0.44 ± 0.16 X 10~^ Reinhold et al. [i| found a 3.5cr 
indication of a cosmological variation in another 'con- 
stant', the proton-electron mass ratio /i = mp/nie, in 
their analysis of the vibrational levels of H2 in the ab- 
sorption spectra of two quasars at redshifts z w 2.6 and 
z « 3.0; they found Afi/^i = 2.0 ± 0.6 x lO"'"^ over the 
last 12 Gyrs. 

Despite these hints of a variation in a and /i, few would 
be prepared to conclude that a and definitely change 
with time until either the precision of the astronomical 
studies is greatly increased, or a variation in one of these 
constants can be directly detected in the more controlled 
environment of the laboratory. A significant improve- 
ment in the precision of astronomical studies would most 
likely require new instrumentation such as the proposed 
CODEX spectrograph fsl, which is not expected to be 



operational before 2017. A firmer understanding of the 
potential systematic errors would also be needed. In con- 
trast, the prospects for a significant improvement, in the 
near future, in the precision of laboratory-based varying- 
constant searches seem much better. 

Laboratory constraints on the variation of the con- 
stants are generally found by comparing different atomic 
frequency standards over a period of many months or 
several years. The most stringent bound on the tem- 
poral variation of a published thus far made use of 6 
years of data and is: a/a ~ (—2.6 ± 3.9) x 10^^^ yr^^ 
l^j; if a has varied at a constant rate over the last 
10 Gyrs, then the findings of Webb et al. suggest: a/a — 
(6.4 ± 1.4) X 10"^''yr"^ (lij. An important motivation 
for this Letter is that the ability of laboratory tests to 
measure changes in a seems likely to improve markedly 
in the near future. The ACES (Atomic Clock Ensem- 
ble in Space) project, currently projected to fiy on the 
International Space Station in 2010, will be able to con- 
strain a/a at the 10~^^yr~^ level. Recently, Cingoz et 
al. [loj reported a new limit on d/a found by moni- 
toring the transition frequencies between two nearly de- 
generate, opposite-parity levels in two isotopes of atomic 
Dysprosium (Dy) over 8 months. These energy levels 
are particularly sensitive to changes in a [llj. Cingoz 
et al. found that a/a = -(2.7 ± 2.6) x lO'^'^yr-i, but 
importantly they estimate that an ultimate sensitivity to 
changes, Sa, in a of one part in 10^® is feasible. Moreover, 
Flambaum [11] has recently noted that an even greater 
improvement in precision could be achieved by making 
use of the enhanced effect of a variation on the very nar- 
row UV transition between the ground and first excited 
state of the ^^^Th nucleus. The corresponding experi- 
ment could potentially detect a non-zero |5a/a| as small 
as 10~^^; 7 orders better than current bounds. Despite 
the expected increase in the precision of laboratory tests, 
any such experiment must still run for many months, or 
even several years, if it is to place tight constraints on 
any time variation. In this Letter we note that if a 'con- 
stant', C, can vary, then its value, as measured in the 
laboratory, should vary during the year. This variation 
will have a very distinctive shape and be correlated with 
the Earth's distance from the Sun. These two properties 
should make it easier to separate any signal from noise. 
Additionally, an experiment would only need to run for 
six months to constrain any fluctuation in the constants 
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due to this effect. 

Variation of some, or all, of the constants of Nature 
is fairly generic prediction of most modern proposals for 
fundamental physics beyond the standard model. Indeed, 
it is one of the few low-energy signatures of such theories. 
At the low energies appropriate to classical physics, the 
values of the constants are determined by the vacuum 
expectation of a scalar field, or dilaton, 4> and a = a{4>), 
fi — Henceforth, we use units in which c = h = 

1. It is generally assumed that the scalar field theory 
associated with (j) has a canonical kinetic structure, and 
that variations in (f> conserve energy and momentum, as 
well as contributing to the curvature of space-time in the 
usual way. These considerations imply that satisfies a 
non-linear wave equation 




(1) 



where Cm is the Lagrangian density for the matter fields, 
and the Ci{4)) represent different, (/)-dependent, 'con- 
stants' of Nature; V{(p) is some self-interaction poten- 
tial for the dilaton, and lu is a constant with units of 
(mass)'^ which sets the strength with which couples to 
matter. General expectations from string theory suggest 
that AnGu ~ 0(1) and that if a constant, Ci, is dynam- 
ical then dlnCi/dcj) ^ 0(1). Ultimately, it is our goal 
to determine, or boimd, the parameters of such theories 
experimentally. Solar-system tests of gravity currently 
seem to prefer AnGto ^ 1 [13] ■ A similar equation to Eq. 
P]) applies when variations in the constants are driven by 
multiple scalar fields. Multiple fields might complicate 
the cosmological evolution of the 'constants' but, over 
solar system scales, the dynamics of each field are well- 
approximated by a wave equation with the form of Eq. 

At the present time, the matter to which </> couples 
is non-relativistic. Defining pj to be the energy-density 
of the j'^ matter species, we then have Cm ~ X]j Pj ^^'^ 
Eq. ([J) reduces to: 



^Mr+Y^^ (2) 



where 2(j{4>) = J2iCi,4>S{ln pj)/SCt, p = J2] Pi is the to- 
tal energy density of matter, and C(0) = J2j CjPj/P- The 
value of the ( for a body, or a system of bodies, generally 
depends on its composition. The effective mass-squared 
of the scalar field is given by — V^^/iv. Generally, if 
time variations in a constant occur at anything approach- 
ing a detectable level then < 10^^'^g ^ Hq, where Ho 
is the Hubble parameter today. If V{(p) is highly non- 
linear, and (^/u! and have opposite signs, then (f) may 
behave as a chameleon field (see refs. [l3[)- The mass 
of would then depend heavily on p. Whilst chameleon 
field theories are very interesting, late-time variation of 



the fundamental constants is negligible in all known, ex- 
perimentally viable, chameleon models. For this reason, 
we do not consider such theories here, and henceforth 
assume that is not a chameleon field. 

Tests of gravity constrain any variations in (j) in the 
solar system to be very small [l^]- We can therefore 
linearise Eq. ([2]) about the background value of the 
fielch 06 (t) , which will track the cosmological value of 
(f), [3, i-C. we take (p ~ 4'b{t) + ^fp- The majority 
of recent laboratory-based searches for varying-constants 
have looked for changes in a. We therefore focus our at- 
tention on theories in which a varies, and scale cj) and u 
so that 91na(0f,)/50 = 2 today. Although we primar- 
ily consider the annual variations of a, similar variations 
should be expected in all varying constants. 

In the solar system, any temporal-gradients in 6(f> are 
expected to be small compared to the spatial ones (see 
Ref. 0) and so, at leading order, we may replace the 
wave-operator, □, by the Laplacian, V^, giving: 



2C 

V^5<j) = —p + ml5(j), 



(3) 



where and ( independent of 6(j), although ( is still 
composition dependent. Solving this equation, we find 
that the Sun induces the following contribution to 6(f>: 



Co 2G'Mg 
AttGlu r 
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where r is the distance to the Sun's centre of mass, Mq is 
the Sun's mass, and is the value of ( for the Sun. The 
Earth's orbit around the Sun is not perfectly circular and 
so the distance of the Earth from the Sun changes slightly 
over the year, fluctuating by about 3% from aphelion to 
perihelion. As a result, the value of S(j)Q, and hence also 
a, will oscillate annually as r changes. The values of any 
other constants of Nature that depend on (j> will also vary 
throughout the year. Experimental searches for a time- 
variation in a generally assume an approximately linear 
drift in the a; however, these seasonal changes are clearly 
oscillatory. Attempting to fit a linear drift to an annual 
oscillation would lead to inaccurate conclusions. The 
change in a from aphelion to perihelion due this annual 
fluctuation is given by Sa/a « 2{S(j)Q{rap) — 5(l)Q{rp(.r))- 
If m^{rap — rper)/2 <C 1, we predict: 
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-1.32 X 10 
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where a = 1.496 x 10* km is the radius of the Earth's 
semi-major axis. If measurements are taken throughout 
the year then seasonal changes in a should be distinguish- 
able from noise, or any linear drift, by their distinctive 
shape, which is shown in FIG. [TJ It is also important 
to note that, whereas cosmological changes in the con- 
stants will virtually non-existent if to^ » lO^^'^g ~ Hq, 
the seasonal fluctuations noted here only require < 
IQ-si g ~ 1 AU~^ to be potentially detectable. 
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FIG. 1: The shape of the expected annual variations in a over 
2 years. We have defined Sa/a — {a — aap)/aap, where Qap is 
the value of a at aphelion. The magnitude of the fluctuations 
is proportional to (^Q/^nGuj. 



Current laboratory searches for a variation a find a 
(5a /q consistent with no variation at the 2 x 10~^^ level 
This corresponds to a bound on (q/AttGlu of: 



AttGuj 



< 2 X 10" 



The quantity (^q/At:Guj also sets the magnitude of vio- 
lations of local position invariance (LPI) [6|. Currently, 
the best bounds on the validity of LPI only give a limit of 
|C0/47rG'a;| < 10~^ two orders of magnitude worse 



than is already achievable by making use of the Earth's 
motion around the Sun. li da/a can be measured at the 
10~^^ level then this would correspond to a measure of 
(q/AttGui, and any violation of LPI, at the 10~^ level. 
Similarly, if a ^^^Th-based experiment can be carried 
out, and Sa/a constrained to within one part in 10^^, 
(q/4:TtGlu and the vahdity of LPI can be measured to 
within one part in 10^^. Schiller et al. [3] recently noted 
that space-based atomic clocks could utilise the altitude 
dependence of the Earth's gravitational potential to pro- 
vide a similar increase in the precision to which violations 
of LPI can be measured. Whilst this is an excellent idea, 
the potential improvement in precision they find is no 
better than can be achieved, much more cheaply, on the 
ground by making use of the eccentricity of the Earth's 
orbit. 

In general, the C parameter is composition dependent 
and, as a result, the weak equivalence principle (WEP) 
is violated at some level. The magnitude of the expected 
WEP violations over distance of 1 AU will also depend on 
(q/AttGuj. We now use bounds on any WEP violation to 
estimate the precision to which Sa/a must be measured 
before any annual fluctuations in a could potentially be 
detected. Over distance of about lAU, the best current 
constraint on WEP violations was reported in Ref. [lit . 
Using a modified torsion balance, the differential accel- 



eration towards the Sun of two test bodies was measured 
and found to be: 



V 



2\ai — a2 
\ai + 02! 



= 0.1±2.7±1.7x 10- 
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which is consistent with no violation of WEP; here ai and 
02 are respectively the accelerations of the first and sec- 
ond test body towards the Sun. The Eotvos parameter, 
rj, measures the strength of WEP violations. The rea- 
sonably general varying-constant model used throughout 
this Letter predicts: 



^ = 4|Ci-C2| 
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AttGuj 



(6) 



In some varying-constant theories, such as the varying- 
speed of light (VSL) model considered in Ref. [1], Ci = C2 
for all bodies and so WEP is not violated. For such theo- 
ries, WEP violation searches cannot constrain (q/AttGuj. 
It is more generally the case, however, that WEP is 
violated in theories where some or all 'constants' can 
vary, and that |Ci — C2I ~ O(10~^|Co|) for such exper- 
iments. For varying-a theories, we additionally expect 
10 < ICI < 1 for baryonic matter. The smallest values 
of C are expected for theories in which a is the only 0- 
dependent constant. If Aqcd is also 0-dependent then 
generally ( ~ Therefore, in a scalar field theory, 

which describes a variation in a and violates WEP, we 
expect: 
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< IQ-^^ - 10 
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where larger values of [(Ja/aj are more feasible if C is 
smaller. If, as seems likely, Sa/a can measured to a pre- 
cision of one part in 10^* in the near future, then con- 
straints on annual oscillations of a could well be detected 
or constraints on some varying-a theories improved by at 
least an order of magnitude. If i5a/a can be constrained 
at the 10"^'^ level, as suggested by Flambaum [ll[, then 
the prospects for detecting the predicted seasonal varia- 
tion in a are even better, and, in almost all cases, direct 
laboratory bounds on Sa/a would more tightly constrain 
varying-a theories than WEP violation tests currently 
do. Indeed, if the 10"^'^ precision can be reached, then 
we could derive a model-dependent constraint on WEP 
violations due to varying-a at the one part in lO^'' — 10^^ 
level; the greatest precision is for theories with small ^. 
For comparison, proposed satellite-based EP experiments 
such as MICROSCOPE, GO and STEP promise a model- 
independent measure of any WEP violation at the 1 part 
in lO^'^, 10^"^ and 10^^ levels respectively [l6|. 

WEP violation searches are sensitive only to the mag- 
nitude of the C parameters and not to their sign. As noted 
by Magueijo, Barrow and Sandvik in Ref. 0, knowl- 
edge of the sign of C for baryonic matter is very impor- 
tant when attempting to discern between two different 
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varying-a models. Varying-a theories that are most nat- 
urally interpreted as a change in the fundamental electric 
charge e, C > is natural for baryonic matter^ 0. For 
such theories, the observations of Webb et al., suggest 
that either ^ < for dark matter, or that the cosmologi- 
cal evolution of a is dominated by the potential (V^^/w) 
term in Eq. [2](6||. In contrast, models that are simplest 
when viewed as describing a varying speed of light pre- 
dict C < 0. Unlike WEP violation searches, the annual 
fluctuations in a are sensitive to the sign of C- If ot does 
vary, and the seasonal variation could be detected, then 
sign of Qq would be known. Additionally, when combined 
with WEP violation bounds, such a measurement would 
also allow the values of both Qq and u to be deduced 
separately. Achieving this would greatly increase our un- 
derstanding of the theory that underpins any variation 
in a. 

We have noted, in this Letter, that if some of the con- 
stants of Nature vary, then we should expect their values 
on Earth to oscillate seasonally. The estimated upper 
bound on the magnitude of these fluctuations is such 
that they could well be detected in the near future by 
atomic-clocks. Importantly, the search for these vari- 
ations would not require the creation of a totally new 
experimental programme, as laboratory searches for a 
temporal drift in the constants would also be sensitive 
to these yearly oscillations. It is feasible that such ex- 
periments could measure variations in a at the 10~^^ 
level and there have been suggestions that changes 



as small as one part in the 10^'^ could be detected 
It is also important to note that, in many theories, the 
expected magnitude of the annual oscillations in a 'con- 
stant', such as a, will be comparable to, if not much 
larger than, the expected yearly drift in the value of the 
constant. Indeed, if 10~^'^g ^ < 10~^^ g, then any 
linear temporal drift in the 'constant' would be impercep- 
tibly small, whereas the magnitude of the annual varia- 
tions would be at the lO"^C0/47rGijj level. Furthermore, 
even if is very light (m^ < 10~^^g), the cosmological 
evolution of is, in some theories, primarily driven by 
the coupling of to matter (i.e. the effect of the V^^/lo 
in Eq. [2] is negligible). Such models predict that today 
d/a « -(3-ff|^it/)/(27rGw) {Cdm^d-m + Cb^b), where Qdm 
and Qh are respectively the density of the dark and bary- 
onic matter in the Universe today as a fraction of the 
critical density, tjj is the age of the Universe, and Cdm 
and Cf, are the respective values of C for dark and bary- 
onic matter. Using values for fldm, ^b, iu and Ho from 
WMAP, we see that, over the course of a year, a is 
expected to change by a fractional amount: 



5a 



(9.7±0.9)Un + (1.9±0.1)Cb 



X 10 
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its value. Failure to allow for these seasonal changes, 
could serious compromise the analysis of data found by 
laboratory searches for variations in a. 

In this Letter we have shown that if one or more of the 
'constants' of Nature can vary, then the non-zero eccen- 
tricity of the Earth's orbit will cause their values, as mea- 
sured in the laboratory, to vary annually in a very partic- 
ular way. Recent and expected advances in the precision 
and stability of frequency standards make it feasible that 
such a seasonal change in a could be detected, without 
the need to perform space-based tests, in the near future. 
Improved constraints on any such oscillation will greatly 
enhance our understanding of varying-constant theories 
and would also be used to improve current bounds on 
local position invariance. By both these means, we will 
be able to constrain constrain the nature of fundamental 
physics beyond the standard model. 

This work was supported by PPARC. I would like to 
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and for helpful comments and suggestions. 



[1] 

[2] 

[3] 
[4] 

[5] 

[6] 

[7] 
[8] 



[9] 



We expect 0{(q) and so, unless Cdm ^ ISCo, the 

magnitude of the annual changes in a, identified in this 
Letter, will be greater than any linear temporal drift in 



[10] 

[11] 
[12] 

[13] 



[14] 



[15] 
[16] 



[17] 



Electronic address: |D. Shaw @damtp.cam.ac.uk' 

J. K. Webb et al, Phys. Rev. Lett. 82, 884 (1999); 87, 

091301 (2001). 

H. Chand et al, Astron. Astrophys. 417, 853 (2004); 
R. Srianand et al.„ Phys. Rev. Lett. 92, 121302 (2004). 
M. T. Murphy et al, astro-pli/0612407. 
E. Reinhold et al, Phys. Rev. Lett. 96, 151101 (2006). 

D. J. Shaw and J. D. Barrow, Phys. Rev. D 73, 123505 
(2006); 73, 123506 (2006); Phys. Lett. B639 596-599 
(2006). 

J. Magueijo, J. D. Barrow and H. B. Sandvik, Phys. Lett. 
B549, 284-289 (2002); H. B. Sandvik, J. D. Barrow, J. 
Magueijo, Phys. Rev. Lett. 88, 031302 (2002). 
P. A. M. Dirac, Nature 139, 323 (1937); G. Gamow, 
Phys. Rev. Lett. 19, 757 (1967); 19, 913 (1967). 
L. Pasquini et al., in Scientific Requirements for Ex- 
tremely Large Telescopes, proceedings of the 232nd Sym- 
posium of the lAU, Cape Town, South Africa, edited by 
P. A. Whitelock, M. Dennefeld and B. Leibundgut (CUP, 
Cambridge, 2006); P. Molaro et al., ibid. 

E. Peik et al., to appear in Proceedings of the 11th Marcel 
Grossmann Meeting, edited by H. Kleinert, R.T. Jantzen 
and R. Ruffini (World Scientific, Singapore, 2007). 

A. Cingoz et al, Phys. Rev. Lett. 98, 040801 (2007). 
V. V. Flambaum, Phys. Rev. A 73, 034101 (2006). 

C. M. Will, Living Rev. Relativity 9, 3 (2006). 

J. Khoury and A. Wehman, Phys. Rev. Lett. 93, 171104 
(2004); D. F. Mota and D. J. Shaw, ibid. 97, 151102 
(2006). 

S. Schiller et al., in Proceedings of the HPInternational 

Conference on Particle and Fundamental Physics in 

Space, Beijing, 2006. gr-qc/0608081. 

S. Baessler et al, Phys. Rev. Lett. 83, 3585 (1999). 

P. Touboul et al. Acta Astronaut. 50, 433 (2002); 

A. M. NobiU et al. Class. Quant. Grav. 17, 2347 (2000); 

J. Mester et al, ibid. 18, 2475 (2000). 

D. N. Spergel et al, astro-ph/0603449. 



